Abbreviation used: rCBF, Regional cerebral blood flow.
Summary:
The theoretical properties of a monoexponen tial flow index, analogous to the one used earlier by other investigators for regional CBF (rCBF) measured after in traarterial injection, were investigated after the adminis tration of 133Xe intraarterially, intravenously, and by in halation under high and low flow conditions. The sensi tivity of the flow index to changes in fast flow components or changes in the weight ratio between the fast and the slow flow compartments was found to be dependent on whichever part of the 133Xe clearance curve Reivich et al. (1969) showed that tissue blood flow in the healthy, conscious mammalian brain (cat) had a bimodal distribution with a fast flow "family," representing flow compartments in the grey matter. Roedt-Rasmussen and Skinhoj (1966) postulated the existence of a similar blood flow dis tribution in the healthy, conscious human brain as judged from the cerebral clearance curves for I33Xe given by intraarterial injection and detected extra cranially. Of the two components, the one repre senting the flow in highly perfused compartments is of special interest, since it can be used as an indirect measure of the neuronal function of the grey matter of the cerebral cortex. When I33Xe is administered by inhalation or in travenously, isotope-containing blood in extracere bral tissue contaminates extracranial regional CBF (rCBF) recordings. In the extracerebral compart ment there are several very slow flow components (Obrist et aI., 1975) . Therefore efforts have been made to find techniques to "isolate" the fast flow component in rCBF measurements. Two different approaches have been used:
1. Biexponential analysis of extracranially re corded clearance curves yields flow values for the fast and slow compartments, as well as the relative weight of these compartments. Biexponential anal ysis was initially used only for intraarterial rCBF measurements (Ingvar and Lassen, 1962; Roedt Rasmussen et aI., 1966) . When methods were de vised to correct for recirculating I33Xe, it was modified for use in inhalation and intravenous studies on rCBF by Obrist et aI. (1975) .
2. Monoexponential approximation of an early segment of the clearance curves yields a single flow value which is mainly dominated by fast flows. If different segments of the recorded curve are used, a set of flow values is obtained. Monoexponential analysis was first used for intraarterial rCBF mea surements (Olesen et aI., 1971 ) and later modified for the inhalation and intravenous methods (Risberg et aI., 1975; Wyper et aI., 1976; Stokeley et aI., 1980) .
When monoexponential analysis was introduced for intraarterial rCBF by Olesen et aI. (1971) , the rationale was the simplicity of analysis and the close relation of the flow values tc the fast (grey) flow component. In contrast, the reason given by Risberg et aI. (1975) for their monoexponential "ini tial slope index" for inhalation rCBF measurements was the "slippage" effect occurring if biexponential rCBF analysis is used in pathological cerebral con ditions when the flow distribution is no longer bi modal. Risberg et al. (1975) state that their slope index is "highly dominated by the grey matter blood flow," but a quantitative evaluation corro borating this statement is not given. A second reason for the use of Risberg's initial slope index is given by Halsey et al. (1981) who in actual clinical tests with stroke patients found it to be a more sen sitive parameter than the fast flow, or the size of the fast flow compartment calculated by biexpo nential analysis. in the detection of focal areas with low rCBF.
Over the years monoexponential analysis has be come firmly established as a valuable method for the analysis of rCBF curves (Risberg, 1980) . How ever, the quantitative relation between thc flow components of the many flow compartments in the brain and the calculated monoexponential flow value is unknown. A thorough investigation by Olesen et al. (1971) clarified the theoretical rela tionship between monoexponential and biexponen tial rCBF values in intraarterial rCBF measure ments. A similar investigation has not been made for inhalation or intravenous rCBF. This is the ob ject of the present article. It will be shown that.
with a knowledge of the relationship between cal culated rCBF values and the flow components of the brain, it is possible to define the properties of the monoexponential method in the analysis of clearance curves for intraarterial, intravenous, and inhalation rCBF measurements under both high and low flow conditions.
THEORY
As shown by Kety (1951) , an extracranial de tector looking at the arrival and clearance of J33Xe from the brain records a curve which can be de scribed by
where Pj = (Xjwj"'jkj. Here (Xj is proportional to de tector sensitivity and to the total amount of J33Xe containing tissue seen by the detector. and Wj is the relative weight of the ith tissue compartment.
Hence �Wj = I. Further, t is the time (in minutes), kj is the time constant for isotope washout of the ith tissue compartment, u(t) is the concentration of radioactive isotope in the arterial blood supply to the tissue, and Aj is the blood-brain partition coef ficient for the ith tissue compartment.
If the 133Xe clearance curve A is corrected for recirculation for t ;?; ta' we have u(t) = 0 for t ;?; tao Inserted into Eq. 1 this gives
(2)
We approximate this sum by a single exponential function which coincides with AU) for t = fa and whose derivative equals that of AU) for t fa'
Hence we obtain for small It 
The blood -brain partition coefficient Am for the "monoexponential tissue compartment" depends not only on brain anatomy and detector geometry but also on the time fa used for flow determination.
To circumvent this obstacle Km may be used as a 
where Wf is the corresponding relative weight. The ideal value of these functions is Sf = Sw = 1.
The effect of different temporal shapes of the bolus was investigated for an inhalation-and an in travenous-type bolus (Fig. I ). An inhalation bolus was defined as
where a is the time constant of the inhalation phase, b is the time constant of the washout phase, and I s with the use of the patient bolus as an 133Xe input function. IV, intravenous injection; I, inhala tion.
is the inhalation time. An intravenous bolus was defined as Kety, 1951) . Here c rep resents the isotope washout through the lungs, and 2tr is the infusion end time.
The inhalation-and intravenous-type boluses used when sensitivity to variation in bolus shape was not being investigated were taken from two ac tual consecutive rCBF measurements made at rest with the inhalation and intravenous techniques in a patient with no known respiratory disease (Fig. 1) . The delta function u(t) = 8(t) was used as the bolus function for the intraarterial method. 1984 Uncertainty in the determination of the isotope curves due to counting statistics in actual rCBF re cordings makes it necessary to use a segment of the curve, usually about 1 min in length, for determi nation of the monoexponential slope index. In the present comparison of different methods of isotope administration the analysis times chosen are mid points of typical analysis intervals for each mode of administration: for intraarterial injection 10 s, for intravenous injection 1.5 min, and for inhalation 2.5 min.
MATERIALS AND METHODS
To test the theoretical properties of the monoexponen tial flow and analysis described above, a Hewlett-Packard HP-41-CV calculator was programmed with Eqs. I, 4, and 6-9. The analyzed clearance curves, A (Fig. 1) , were generated by Eq. 1 with a bicompartmental flow distri bution. The fast flow compartment was given a relative weight Wf and a flow time constant Kf, while the slow flow had a time constant of 0. 1 min -1. The total weight of the two compartments was 1.
The tested conditions for monoexponential flow anal ysis were as follows:
1. Variation in analysis time fa for inhalation and intra venous clearance curves.
2. Variation in the time constant Kf of the fast flow component for intraarterial, intravenous, and inhalation clearance curves.
3. Va riation in the temporal shape of the bolus for in travenous and inhalation clearance curves.
The effects on the monoexponential flow index Km and on the analysis sensitivity indices Sf and Sw were com puted.
As indicated above in the Theory section, inhalation and intravenous bolus functions from actual rCBF re- Sw is the sensitivity to changes in the weight ratio between the 0 fast and slow flow compartments. The weights of the fast and slow flow compartments are eq ual. Top row: The decrease in Km at later analysis times is evident, especially for the fastest flow components, for both intravenous (IV) injection and inhalation (IH). Middle row: The decreasing sensitivity for fast flow components, Sf' at later analysis times is still more evident in these curves, which o.
show how much of a change in the fast flow component Kf is reflected as a change in the Km value. Note the "hump" on the intravenous Sf curve for Kf = Sw 2,0 that reflects a small irregu- verse relationship to the sensitivity for fast flow components is seen for Sw' 0 IV cordings were used for generation of the clearance curves under test conditions 1 and 2, while for condition 3 Eqs. 8 and 9 were used to generate the temporal shape of the bolus.
RESULTS
Effect of change in analysis time (Fig. 2) Despite the difference in the shape of the inha lation-and intravenous-boluses there was a remark able similarity in the flow values obtained for the monoexponential flow index Km and for the sensi tivity indices in both cases. There was also, for both methods, a pronounced decrease in the ability to detect fast flow components at an analysis time later than 1 min. In contrast, both methods showed increased sensitivity (Sw) in detecting changes in weights wf of the fast flow compartment ranging from 10 to 90% of the total tissue weight. If Km is dominated by the fast flow component, there is near identity between the Km and Kf values. Middle row: It is evident that the sensitivity Sf to small flow changes in the fast flow component is distinctly greater for the methods with earlier analysis times, especially at a low weight of the fast flow compartment. Bottom row: It appears that the sensitivity Sw to changes in the weight ratio between the fast and slow flow components is greater for the rCBF methods with later analysis times.
the weight ratio between the fast and slow flow compartments at analysis times later than 1 min.
Relation between the monoexponential flow index and the fast flow component (Fig. 3) The monoexponential flow index Km was always lower than the value of the fastest flow component, In contrast, the ability to detect a change in the weight ratio between the fast and slow compart ments, Sw is highest for the inhalation method, with noticeable low values for the intraarterial method.
As indicated in Fig. 2 , the differences between the intravenous and inhalation methods are mainly a consequence of the fact that the analysis time for the inhalation method was later (at 2.5 min) than for the intravenous method (at 1.5 min). in the corresponding brain compartment, it follows that the sensitivity to high flow components is greater in the early segments of the 133Xe clearance curve. These segments are dominated by 133Xe ar riving early in rapidly perfused compartments which are also the first to be cleared (Fig. 2) . Con sequently, there is a greater sensitivity to fast flow components for the methods with earlier analysis times as illustrated by a comparison of the intraar terial, intravenous, and inhalation rCBF methods ( Fig. 3) . All this is in agreement with practical ex periences of recording high flows in the brain (Lassen and Ingvar, 1972) , as well as with current attempts to use earlier segments of the recorded 133Xe clearance curves for analysis in inhalation and intravenous rCBF measurements Prohovnik et al., 1980) . lution is desired. The possibility of increasing the high flow resolution for intravenous and inhalation rCBF through an earlier analysis time is limited by the radiation artefact from the 133Xe in the airways, especially for inhalation rCBF. However, this arte fact can be compensated for (Nilsson et aI. , 1982) .
Effects
The theoretical relation between the monoexpo nential flow index and the biexponential flow anal ysis is given by Eq. 5. Actually Eq. 5 is valid also in the description of how each of the flow compo nents of the biexponential analysis is derived from the multiple flow components in each of the two flow compartments. Consequently, the start fit time for the biexponential analysis will limit the high flow resolution for the fast flow component in a way similar to the way in which analysis time limits it for the monoexponential flow index (Fig. 2) . Also, the temporal shape of the bolus will, for the same reason, have similar effects on the results of the biexponential analysis, as discussed above for the monoexponential flow index.
In conclusion, when an early (0-2 min) segment of the clearance curves is used, the monoexponen tial flow index will, under normal conditions, have a close relation to the fast flow compartment and can be used as an indirect measure of the neuronal function of the grey matter of the cerebral cortex.
However, the ability of the inhalation and intrave nous methods to detect small regions with increased blood flow, or to detect the existence of extremely high flow components, will be considerably less than that for the intraarterial method. The ability to detect regions containing nonperfused cortical matter is considerably greater for the inhalation and intravenous methods than for the intraarterial method, but all three methods have severe limita tions.
